The thermal analysis proves the feasibility of the integration concept.
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Solar-battery integration Thermal analysis Thermal management Phase change materials Finite element method A B S T R A C T Solar-battery systems are still expensive, bulky, and space consuming. To tackle these issues, we propose a novel device that combines all the components of a solar-battery system in one device. This device might help reduce installation cost compared to the current solar-battery systems as well as provide a plug-and-play solution. However, this physical integration means higher temperatures for the components. Therefore, this paper presents a thermal analysis of the physical integration concept to evaluate its feasibility, focusing on the batteries, the most delicate components. The thermal analysis was conducted using a Finite Element Method model and validated with experimental results on a prototype. According to the model, the temperature of the components (battery and converters) reduced drastically by adding an air gap of 5-7 cm between the solar panel and the components. Even under severe conditions, maximum battery temperature never surpassed the highest temperature of operation defined by the manufacturer. Moreover, the maximum battery temperature decreases even further by applying a phase change material as a passive cooling method, reducing it by 5°C. As a result, the battery pack operates in a safe range when combined with a 265 W p solar panel, demonstrating the potential of this concept for future solar-battery applications.
Introduction
The power produced by a photovoltaic (PV) panel depends on several environmental conditions. A change in either irradiance or ambient temperature, for instance, results in fluctuations of the output power. Therefore, PV panels are not a stable energy source, posing many challenges. A possible solution to cope with these fluctuations is to couple PV panels with energy storage devices. For residential load levels, batteries are part of PV-storage systems because of their stability, reasonable price, low maintenance cost, and maturity. They provide energy when there is no solar generation, or store energy during moments of high solar generation for later use.
Despite the fact that PV panels and batteries prices are dropping fast [1, 2] , PV-Battery systems are still expensive. Current PV-Battery systems are complex to design and install. They require extensive technical advice and labour to build the system, impacting the total system cost. In a typical PV-Battery system, PV panels on the roof are usually connected to the power electronics and batteries separately inside the households, making the installation process complicated and timeconsuming. The installation cost of solar systems accounts for around 21% of the total cost when other soft costs, not related to hardware (taxes, profit, etc.), are considered [3] .
In an effort to diminish costs and make PV-Battery systems more simple to install, one package including a PV panel and all the balanceof-systems components might result in an attractive solution for the solar energy market [4] . We propose a novel device that combines a battery, charge controller, microinverter, and a PV module in one device (refer to Fig. 1 ). This device, PV-Battery Integrated Module (PBIM), is developed to provide a modular plug-and-play solution for PV-systems' owners. The PBIM can be also utilized for portable solutions or as a building block for standalone systems.
Literature study
The physical integration of PV devices and storage has been explored previously [5] [6] [7] . Advances in mechanical properties of the solar cells and batteries have propitiated their incursion in low power wearable devices [8, 9] , while fiber-shape devices have been woven into textile [10] [11] [12] [13] . The majority of these low power devices lack controllable charging and discharging processes, leading to inefficient solutions [14] [15] [16] [17] . For this reason, power electronics is essential to operate the PV cells and batteries at their maximum capacity, in particular for medium-power applications, as intended in this paper.
Although some steps to integrate normal size PV panels (circa 200 W) and balance-of-system components have been reported [18, 19] , just a few papers have coupled batteries directly with solar panels in one device. A combination of PV panel, battery, and electronic control unit was initially suggested in [20] , stating the different advantages, general restrictions, and operational conditions of the so-called multifunctional module. Following this, the battery management system was proposed [21] , and later, this concept was designed to supply bigger loads. The construction, control, and testing of the prototype were presented in [22] . Moreover, the details of the construction and installation of an integrated module for portable applications were published in [23] .
At the time of writing this article, we did not find any paper focusing on the thermal implications derived from the physical integration (PI). Nevertheless, a vast amount of previous papers have investigated the thermal behaviour of PV panel and batteries operating individually [24, 25] , finding that thermal management systems are necessary to decrease the impact on efficiency and safety [26] . Most of the active cooling solutions (e.g. air or liquid forced convection systems, heat pipe, thermoelectric devices, and cold pipe) are complex to implement and maintain, and therefore costly [27] . Additionally, active cooling consumes a portion of the power generated by the PV panels, decreasing the total efficiency of the system. Instead, phase change materials (PCM) have demonstrated to be a promising option as a passive thermal management system for PV panels and batteries [28] . In comparison to active cooling systems for batteries, PCM achieve higher temperature uniformity [29] , prevent temperature peaks [30] , provide temperature regulation [31] , and keep battery operating under safe temperature thresholds [32] . These are the reasons behind the use of PCM in this study.
Contribution
While some researchers have developed similar ideas to integrate a PV-Battery system in one device, there are still several gaps to fill regarding the feasibility of the PI concept. In particular, a thorough understanding of the thermal processes that take place when integrating all the components together, and their implications to the battery pack. In this paper, we contribute towards • prove that batteries can operate in a safe temperature range, and PBIM is technically feasible for solar energy applications (Section 4.3).
Physical design
For an optimal design of the PBIM, the following criteria must be satisfied:
• Heat has to be dissipated efficiently to avoid overheating. • The device must prevent the entrance of dust and water from the environment.
• The frame must hold the components to ensure they do not move when installing and operating.
• Total volume and weight of the PBIM should be reduced as much as possible.
Given the requirements, pouch cells or prismatic cells are preferred due to their thin profile; they help to achieve high packaging as well as notable storage energy capacity per unit of volume. This sort of cells also provides a more extended surface allowing better heat dissipation than other geometries.
For the model, fifteen LiFePO 4 cells (A123 AMP20) are used to store the energy coming from the PV panel (265 W p from Jinko Solar). The PV panel was chosen after comparing several options, based on efficiency, weight, cost, and temperature coefficients.
Due to the fact that the integration concept is relatively new, the size of the components and other features are assumed similar to the commercial charge controllers and microinverters (see Table 2 ).
Finite element method model
Develop a model that includes the heat generated and dissipated to the surroundings for a particular geometry is convolute. As a consequence, an interface developed by COMSOL Multiphysics® is selected. This interface (conjugate heat transfer) interrelates and solves the differential equations that describe the heat transfer and the fluid flow mechanisms. A 3D model is used in Sections 4.1 and 4.2, while in Sections 4.3 and 4.4 a 2D model was developed to reduce computation time. The 2D geometry had 52,203 elements, with 7420 boundary elements and average element quality of 0.85 for a triangular mesh. On the other hand, the quality of the elements was 0.7 for the 203,110 tetrahedral elements, from which 40,382 were at the boundaries. Tables 2 and 3 , including the parameters and subscripts used in the equations.
Basic geometry
Governing equations
Heat transfer in solids
The heat that is transferred by conduction is given by the diffusion equation as follows:
where k is the thermal conductivity, T temperature vector, q̇heat generation, ρ density, c p specific heat, and t time.
Eq. (1) is applied to the layers that compound the PV panel, the batteries, the charge controller, the microinverter, and the frame.
Heat transfer in fluids
Heat transfer in fluids occurs in the air domain, where it is defined as
where u is the velocity of the fluid in all directions (x y z , , ). In Eq. (2), the work produced by the pressure when the density is temperature dependent is neglected.
Fluid dynamics
The equations for momentum balance and continuity are used to model the fluid behaviour in the air domain, in order to obtain the velocity and pressure field. They are
where μ stands for viscosity, p for pressure in all directions, and F for fluid force. In the case of natural convection, the buoyant force produced by the fluid helps the heat dissipation. This force is calculated following Eq. (5), where a change in the density (ρ) of the fluid with respect to a reference point (ρ ref ) drives the phenomenon:
Coupling of physics
Eqs. (2) and (3) are completely coupled since both equations include the velocity term u. Moreover, properties like density and viscosity of the air are a function of pressure and temperature. Therefore, these two variables connect the heat transfer and fluid dynamics physics in a deeper manner.
Heat generation
The heat generated is assumed uniform for a given volume (3D model) or surface (2D model). In particular, this condition is applied to the following domains: battery, silicon layer, and glass domain layer.
PV panel
The irradiance (G) affects the glass layer and the silicon layer. The incident light is partially reflected (R) at the glass surface (see Fig. 2b ); then a portion of the remaining irradiance is absorbed by the glass (A glass ). All the irradiance from the glass is transmitted (A cell ) to the Si layer, where it is completely converted into heat, except the portion that produces electricity (η PV ). It is assumed that the eva layer and the tedlar layer do not interact with the incident light; hence, the heat generated in these layers is omitted. The contribution of the heat generated in the glass layer and Si layer is calculated using the following:
Si glass PV Si (7)
Batteries
Battery heat generation equation accounts for the reversible and irreversible heat generation resulting from the charging and discharging processes. This heat can be calculated by using the following expression: 
Converters
For the heat generating terms of the converters, the general approach is described by Eq. (9), where the instantaneous efficiency (η converter ) is taken from a look-up table that correlates power input (P in ) and power output, while V converter is the total volume of the converter:
converter in converter converter (9)
Boundary conditions
The predominance of either forced convection or natural convection results in different temperature values for the components. Therefore, different boundary conditions were applied to the FEM model to evaluate their influence.
Whereas for forced convection air enters (inlet) with a certain velocity at the left and leaves (outlet) at the right (Fig. 2a ), for natural convection right and left boundaries are considered open-the air can enter or leave the domain.
Convection
Convection is used to include the effect of the surrounding air on the surfaces exposed to it. The heat transferred via convection was applied at the top of glass layer, and the bottom and sides of aluminium frame as follows:
where T s is the temperature of the boundary, T amb ambient temperature, and h convection coefficient.
Radiation
The 
Inputs
Three days with the highest global horizontal irradiation ( Fig. 3a) , lowest wind velocity (Fig. 3b) , and maximum ambient temperature (Fig. 3c ) were chosen as inputs to the FEM model in Sections 4.3 and 4.4. Although it is very uncommon that the warmest day, least windy day, and the day with the highest irradiation coincide on the same day, this extreme scenario is defined as the most severe condition that the integrated device must handle due to high risk of components overheating. The data was taken from the Dutch Meteorological Institute (KMNI) at the Cesar Observatory (51.971°N, 4.927°E) throughout the year 2014, with a time resolution of 10 min.
Intermediate inputs
The battery system is driven by a simple control, where battery charging is a priority. The battery is charged according to the current produced by the PV panel which continuously varies, although it never surpasses 0.5 C-rate. After the sun stops shining and the battery is full, it is discharged at 0.25 C-rate (see Fig. 3d ). The limits for charging are 90% state of charge (SoC) and 10% SoC when discharging, in order to protect the battery from overcharging or over-discharging, respectively. As can be seen in Fig. 3e , the heat generated during the charging process is negative, because of the undergoing endothermic process. Nevertheless, the battery pack releases heat to the surroundings when discharging. The heat created inside the power electronics follows the pattern dictated by the solar irradiation. It is assumed that volume of the d.c./ d.c. converter and microinverter are equal, but the moments at which the components act differ: the d.c./d.c. converter is on during charging, while the microconverter is active when discharging.
Results
Directly attached (DA) or not?
To achieve as compact PBIM as possible, attaching the components directly on the back side of the PV panel is an option. To evaluate this idea and compare to the non-attached (NA) case, the steady state model incorporates the parameters in Table 1 . G is a high value of irradiation, while q̇b attery is the highest that can be generated at 1 C-rate when discharging. q̇c onverter is calculated at the PV power production peak, whereas T amb and h are considered appropriate in relation to the defined irradiance value. Moreover, forced convection is applied as shown in Fig. 2a varying the wind speed from 0.2 m s −1 up to 10 m s −1 , in order to understand its influence on the average temperatures of the devices.
The heat distribution in Fig. 4 shows that, for both NA and DA, the highest temperature is reached in the PV panel domain, due to the massive heat generated in the cell layer compared to the other heat sources. As a result, the temperature of the battery pack and converter are similar to the temperature of the PV panel for the DA case (see Fig. 4a and b) . An increase in wind speed reduces the temperature of the components (Fig. 5a) , while glass temperature is almost equal to the cell layer because of their proximity. In addition, the cooling effect of air is more pronounced on the converters than on the batteries, as the more extended area of the converter provides better heat dissipation.
By adding an air gap in between the PV panel and the components, the temperature of all components decreases considerably, since the air gap hinders the heat transfer from the PV panel to the other elements. Although increasing the wind speed helps remove heat from the components more efficiently when velocity increases, Fig. 5b also shows that at some point a further increase in wind velocity does not reduce the temperature of batteries and converters.
In the NA case, battery pack temperature depends on air speed, but mainly on the ambient temperature if the air gap is kept constant. Because according to Fig. 5c , the temperature of the battery increases with ambient temperature, 3°C in this case.
Air gap
The air gap is the distance between the PV panel and the frame (see Fig. 2a ), which is represented in the FEM model as the volume (or area) of the air domain. By increasing this domain, the temperature of the batteries and converters drop (Fig. 5d ), although the air gap does not show a significant impact on the temperature of the PV panel (Fig. 5e ).
Moreover, according to the battery and converter perspective, the optimal air gap thickness varies from 5 cm to 7 cm. Increasing its thickness more than 7 cm does not reduce the temperature of the components, but it may rather augment the volume/weight ratio, which should be kept as low as possible.
Natural and forced convection
In this section, the data described in Section 3.6 is employed by a transient model to incorporate the effect of the environmental conditions that the PBIM could face in an extreme scenario.
As expected, the temperature of PV cells rises with poor cooling conditions. With natural convection as a dominant phenomenon, the temperatures can increase 10°C more than in the case where forced convection is the primary cooling mechanism (see Fig. 6a ). In this figure, the benchmark dictates the minimum temperatures for a PV panel without any device attached.
Battery temperature does not differ significantly when either under forced convection or natural convection as the dominant mechanism, as Fig. 6b suggests. However, a minor reduction is observed for the forced convection case.
Batteries operate within a safe range, because even under harsh conditions the battery temperature never surpasses 39°C (third day for natural convection conditions), which is under the defined maximum temperature of operation: 60°C ( [33] ).
According to Fig. 6a and b , the temperature of the batteries and PV cell do not follow the same pattern. PV cell temperature responds mainly to irradiance and ambient temperature, while batteries respond to ambient temperature. The effect of ambient temperature on battery temperature is more important, even if the battery discharges at a relatively high C-rate (0.5 C), as the amount of heat produced by the battery is overshadowed by the heat coming from the surroundings. Of course, this applies as long as the batteries are neither overcharged nor over-discharged.
Phase change materials
Even though it has been demonstrated that batteries do not surpass the upper-temperature limit defined by the manufacturer, the operating temperature must be kept as low as possible to prevent accelerated battery ageing and thermal runway [34, 35] .
PCM are proposed as a passive cooling method, since forced convection is unable to diminish the temperature of the batteries significantly. PCM materials store thermal energy not allowing battery temperature to increase fast; they also maintain T battery under a specific value as long as PCM does not saturate.
To study the effect of PCM over T battery a layer of PCM is placed at the top of batteries (Fig. 2a ). The PCM used has a thickness of 5 mm, a density of 900 kg/m 3 As can be seen in Fig. 6b , a PCM with a phase change (PC) temperature of 36°C and L of 250 − J g 1 shaves the third-day temperature peak by 3°C, and to a smaller extent the second-day peak. In case the latent heat increases from 250 − J g 1 to 300 − J g 1 , for a T PC of 36°C, the temperature of the batteries does not drop because the phase changing process starts later. Also in Fig. 6b , the results show that T battery reduces for a T PC of 34°C and L of 250 − J g 1 , where the second peak and third peak are shaved better. Since the PC process starts at around 30°C and finishes near 36°C, the reduction of battery temperature intensifies because more heat it is absorbed than in the other cases.
To reduce T battery even further, either PCM thickness or L might be increased, both for lower T PC . However, a L of 250 − J g 1 is already high for the existing PCM. Hence, just the thickness varies as follows.
The effect of increasing the thickness for two phase change temperatures is illustrated in Fig. 6c , indicating that a PCM with a T PC of 31°C and 12.5 mm thick is able to shave all the three peaks, although as expected, 15 mm thick PCM has better results for the second and third peaks. However, a PCM with a T PC of 34°C and a thickness of 15 mm is not capable of shaving the first peak, which indicates that this combination is not a candidate for the final design of the PBIM. Finally, a 15 mm PCM with a T PC of 31°C is the overall best option. Due to its performance at elevated temperatures, but also when temperatures are not extremely high; which is usually the case for PBIM on a daily basis.
Validation of the FEM model
A prototype was built and tested to validate the FEM model. The validation was carried out comparing the outcomes of the model and experimental measurements, using the same initial and boundary conditions. The testing set up, the characteristics of the prototype, and the results of the comparison are described as follows. Fig. 7a ). Before testing, two thermocouples were attached to the top and back side of a selected battery, while another thermocouple was placed at the upper part of the PV panel. All temperature measurements were taken with a time resolution of 5 min.
Testing set-up
After connecting all the components and measuring devices, the prototype was placed under a small solar simulator (0.6 × 0.5 m) that produces a constant radiation of 900 − W m 2 , while the ambient temperature was around 25°C during the test. Fig. 7c and b show the spatial arrangement of the components and the prototype under testing, respectively.
At the beginning of the test, the batteries are partially charged (90% SoC), and as the test continues they are charged at a constant current of 1.65 A.
Results
After one hour of testing, the temperature of the batteries reached steady state condition, as can be observed in Fig. 7d . The measured temperature at the bottom and top of batteries corresponds to the values predicted by the FEM model.
The temperature of the PV panel increased up to 70°C, as expected in the FEM model and the IR image in Fig. 7e . The steady state time for the PV panel is around 40 min, considerably lower than that for the batteries. This mismatch occurs, first, because the heat from the PV panel is conducted to the aluminium frame and then to the batteries, taking some time to be transferred. And secondly, because the air where the components were placed is heated up gradually, creating an Future research must be done to understand the impact of elevated temperatures in the performance of the integrated module, in order to understand, for instance, how ageing decreases battery lifetime, and state of health.
Conclusion
A FEM model was developed and validated testing a prototype to study the thermal behaviour of the PV-Battery Integrated Module. The model shows that directly attaching the components at the back of the solar panel results in extreme temperatures for the battery pack, suggesting the necessity of an air gap between them. The air gap helps to reduce the temperature of the components, impeding the heat generated at the PV panel from warming the batteries and converters. The optimal air gap is between 5 and 7 cm, in order to provide an appropriate packaging/cooling ratio.
Even under severe conditions, maximum battery temperature never surpassed 39°C. This temperature is lower than the maximum temperature of operation defined by the manufacturer. However, because convection has a limited effect in decreasing the temperature of the components, phase change materials are proposed as a passive cooling method. Phase change materials prove to be useful for shaving battery temperature peaks, reducing the maximum battery temperature by 5°C. In summary, the battery pack operates in a safe range, confirming the feasibility of the PBIM concept as a future solution for solar-battery systems.
